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High glucose and high insulin, pathogenic factors in
type 2 diabetes, induce rapid synthesis of the matrix
protein laminin-�1 in renal proximal tubular epithe-
lial cells by stimulation of initiation phase of mRNA
translation. We investigated if elongation phase of
translation also contributes to high glucose and high
insulin induction of laminin-�1 synthesis in proximal
tubular epithelial cells. High glucose or high insulin
rapidly increased activating Thr56 dephosphoryla-
tion of eEF2 and inactivating Ser366 phosphorylation
of eEF2 kinase, events that facilitate elongation. Stud-
ies with inhibitors showed that PI3 kinase-Akt-mTOR-
p70S6 kinase pathway controlled changes in phos-
phorylation of eEF2 and eEF2 kinase induced by high
glucose or high insulin. Renal cortical homogenates
from db/db mice in early stage of type 2 diabetes
showed decrease in eEF2 phosphorylation and
increment in eEF2 kinase phosphorylation in associ-
ation with renal hypertrophy and glomerular and
tubular increase in laminin-�1 content. Rapamycin,
an inhibitor of mTOR, abolished diabetes-induced
changes in phosphorylation of eEF2, eEF2 kinase,
and p70S6 kinase and ameliorated renal hypertrophy
and laminin-�1 protein content, without affecting
hyperglycemia. These data show that mTOR is an
attractive target for amelioration of diabetes-induced
renal injury. (Am J Pathol 2007, 171:1733–1742; DOI:

10.2353/ajpath.2007.070412)

Renal hypertrophy and matrix accumulation are signal
events that occur sequentially in the course of renal dis-
ease in diabetes. The relevance of early onset renal
hypertrophy to long-term complications has been contro-
versial. Recent findings have suggested that interruption
of renal hypertrophy in diabetes may ameliorate some but
not all aspects of chronic changes in the renal structure
and function.1 These data emphasize the need to under-
stand fully the pathogenesis of early changes that occur
in the kidney in diabetes. Protein synthesis constitutes the
common underlying process for both hypertrophy and
matrix accumulation in the diabetic kidney. However, the
control mechanisms involved in modulation of protein
synthesis in the kidney in diabetes are not well under-
stood. Although transcriptional mechanisms and altered
degradation contribute to changes in protein content, the
role of mRNA translation as a site of dysregulation has not
been investigated in depth in diabetic renal disease.
mRNA translation is the process of synthesis of a
polypeptide chain in the ribosome in accordance with the
sequence of codons present in the mRNA.2,3 mRNA
translation undergoes both spatial and temporal regula-
tion. The temporal sequence of events in mRNA transla-
tion has been classified into initiation, elongation, and
termination phases. In the initiation phase, under the
control of eukaryotic initiation factors (eIFs), the ribosome
attaches to the mRNA and is localized to the first codon,
usually for methionine. During the elongation phase, se-
quential addition of amino acids occurs directed by the
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codon sequence with the participation of amino acyl
tRNA; it is tightly regulated by eukaryotic elongation fac-
tors (eEFs).2 During the termination phase, the peptide is
released from the ribosomal complex after faithful syn-
thesis of the full-length peptide.

Studies in db/db mice with type 2 diabetes have shown
that accumulation of the renal matrix protein laminin-�1 is
not associated with increase in its mRNA, suggesting
potential regulation by mRNA translation.4 This possibility
was directly studied in an in vitro model of type 2 diabe-
tes. Incubation of renal proximal tubular epithelial cells
(MCT cells) with high glucose or high insulin, two impor-
tant pathogenic factors in type 2 diabetes, resulted in
stimulation of laminin-�1 synthesis within minutes.5 The
rapid phase synthesis of laminin-�1 was not associated
with changes in mRNA level; it could be blocked by
cycloheximide but not by actinomycin D, suggesting reg-
ulation by mRNA translation.5 Studies showed involve-
ment of initiation phase of mRNA translation under the
control of PI3 kinase-Akt-mTOR axis in high glucose and
high insulin regulation of laminin-�1 translation.5 In the
current study we tested the hypothesis that the elonga-
tion phase of translation is also regulated by high glucose
and high insulin in rapid phase synthesis of laminin-�1 in
MCT cells. We characterized the signaling pathways that
regulate elongation phase. Because the mammalian tar-
get of rapamycin (mTOR) plays a central role in regula-
tion of elongation phase, we evaluated whether adminis-
tration of rapamycin, a selective inhibitor of mTOR, would
ameliorate pathological processes in the kidney in type 2
diabetes that require augmented protein synthesis. In
contrast to the initiation phase of translation, the role of
elongation phase has not been well studied, particularly,
in in vivo models of disease.

Materials and Methods

Cell Culture

SV-40 immortalized murine proximal tubular epithelial
(MCT) cells (kindly provided by Dr. Eric Neilson, Vander-
bilt University, Nashville, TN) were grown in Dulbecco’s
modified Eagle’s medium (Gibco-Invitrogen, Carlsbad,
CA) containing 7% fetal bovine serum (Hyclone Labora-
tories Inc., Logan, UT), 5 mmol/L glucose with no added
insulin, 100 �g/ml penicillin, 100 �g/ml streptomycin, and
2 mmol/L glutamine. MCT cells express in vivo properties
of proximal tubular epithelial cells.6 The cells were grown
to 90% confluence and then growth-arrested for 18 hours
in serum-free Dulbecco’s modified Eagle’s medium be-
fore experiments that used 30 mmol/L glucose or 1
nmol/L insulin to represent high glucose and high insulin
levels encountered in mice with type 2 diabetes.4,5 Five
mmol/L glucose � twenty-five mmol/L mannitol were
used as osmotic control for glucose.

Animals

C57BLKsJ lepr�/� db/db mice and their lean littermate
controls (db/m) were purchased from the Jackson Lab-

oratory, Bar Harbor, ME. The db/db mice develop kidney
disease related to type 2 diabetes resembling human
disease, ie, hypertrophy, extracellular matrix accumula-
tion, and albuminuria.4,7 Experiments were initiated at 2
weeks after the appearance of hyperglycemia in db/db
mice. Blood glucose measured by an Accucheck instru-
ment (Bayer Diagnostics, Tarrytown, NY). The db/m and
db/db mice were each divided into two groups. Control
and diabetes groups received either vehicle of 0.2% of
methylcellulose and 0.25% of polysorbate-80 in water or
rapamycin (2 mg/kg/day) (LC Laboratories, Woburn,
MA)8 administered intraperitoneally daily for 2 weeks.
Kidney weight and blood glucose levels were measured
at the time of sacrifice. The Institutional Animal Care and
Use Committee of the University of Texas Health Science
Center at San Antonio approved these animal studies.

Morphometry and Immunohistochemical
Studies

At termination of the experiment, kidneys were excised,
sliced, and fixed in neutral buffered formalin for routine
paraffin embedding and subsequent sectioning and
staining with hematoxylin and eosin. Glomerular area in
stained sections was measured by computer-assisted
image analysis as previously described.9 Photographic
images were taken from 25 random glomeruli from each
mouse using an Olympus AX70 research microscope
equipped with a �20 objective and DP70 digital camera
(Olympus America Inc., Melville, NY). In each digital im-
age, the circumference of the glomerulus was outlined
and glomerular area calculated using the polygonal trac-
ing tool of Image-Pro Plus 4.5 software (Media Cybernet-
ics, Silver Spring, MD). All images were calibrated to a
stage micrometer. Image analysis was also used to mea-
sure glomerular and tubular basement membrane ex-
pression of laminin-�1 in each of the groups. Indirect
immunoperoxidase histochemistry was performed on
fresh frozen sections using antibody to laminin-�1
(Biomeda, Foster City, CA) and detected by the ABC
technique (Vector Laboratories, Burlingame, CA) using
diaminobenzidine as substrate according to previously
reported methods.10 The area occupying diaminobenzi-
dine reaction product was measured in digital images by
selecting a lower and upper range of gray scale within
the limits of background and the highest intensity of
diaminobenzidine staining. For glomerular staining, the
circumference of each glomerulus was outlined, as
above; the image of the reaction product identified by
pseudo-coloring and area of specific staining calculated
as a percentage of total glomerular area.10 Likewise,
reaction product in the tubular basement membrane was
measured as a percentage of a predetermined area of
renal parenchyma excluding glomeruli.

Real-Time Reverse Transcriptase-Polymerase
Chain Reaction (RT-PCR)

Total RNA was isolated from kidney cortex using TRI
reagent (Sigma, St. Louis, MO) as previously described.5
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Two �g of total RNA from each sample was reverse-
transcribed with random hexamers using a commercially
available kit from Invitrogen (Carlsbad, CA). Mouse lami-
nin-beta1 (Primer Bank ID no. 21595540a2) and mouse
GAPDH (Primer Bank ID no. 6679937a1) were amplified
using PCR primer sequences obtained from Primer Bank,
a public resource for PCR primers.11 Two �l of cDNA was
amplified using SYBR Green PCR master mix (Applied
Biosystems, Foster City, CA) containing 100 nmol/L for-
ward and reverse primers. PCR amplification was per-
formed using 7900HT sequence detection system (Ap-
plied Biosystems). Dissociation curve analysis was
performed after PCR amplification to confirm the speci-
ficity of the primers. Relative mRNA expression was cal-
culated using the ��Ct method.

Immunoblotting

Western blotting was performed as described.12 In brief,
equal amounts of cell extract protein (10 to 50 �g) were
mixed with sample loading buffer and separated under
reducing conditions on 7.5% gel. Proteins were electro-
transferred onto a nitrocellulose membrane. The mem-
brane was probed with primary antibody overnight and
blocked for an hour in 5% nonfat dry milk. After washes in
Tris-buffered saline containing 0.1% Tween-20, the mem-
brane was incubated with antibodies against phospho
Thr389-p70S6kinase, phospho-Thr56-eEF2, total eEF2,
phospho-Ser366-eEF2 kinase, total eEF2 kinase (Cell
Signaling Technology, Beverly, MA), actin (Sigma Al-
drich, St. Louis, MO), and laminin-�1 (US Biologicals,
Swampscott, MA) at 1:1000 for 3 hours. The membranes
were then washed and incubated with secondary anti-
bodies linked to horseradish peroxidase (Jackson Immu-
noResearch Laboratories, Inc., West Grove, PA). The
reactive bands were detected by chemiluminescence
using the ECL system (Pierce Biotechnology, Rockford,
IL). Signal intensity was assessed by densitometric
analysis.

Transfection

MCT cells were transiently transfected with either control
plasmid without a cDNA insert (pRK7) or a plasmid con-
taining K100R mutation in p70S6 kinase (kinase dead;
kindly provided by Dr. John Blenis, Ph.D., Addgene,
Cambridge, MA). Transfection was performed using lipo-
fectamine and Lipo-plus reagent (Invitrogen) as
described.13

Adenovirus Infection

MCT cells were infected with adenovirus vector express-
ing dominant-negative HA-tagged Akt (Ad-DN-Akt).14

Adenovirus containing green fluorescence protein (Ad-
GFP) was used as control.

Statistical Analysis

Values are expressed as mean � SE from a minimum of
three experiments. Statistical comparisons between mul-

tiple groups were performed by analysis of variance with
post testing correction by the Newman-Keuls method.
Student’s t-test was used for comparing two groups.
Results were considered statistically different at P � 0.05.

Results

We have previously shown that synthesis of laminin-�1
was stimulated within 5 minutes in MCT cells incubated
with high glucose or high insulin.5 The rapid phase stim-
ulation of laminin-�1 synthesis involved activation of ini-
tiation phase of mRNA translation under mTOR regula-
tion.5 Because both initiation and elongation phases of
mRNA translation are under the control of mTOR,5 we
embarked on analysis of elongation phase regulation by
high glucose and high insulin in the current study.

High Glucose and High Insulin Regulate
Phosphorylation of eEF2 and eEF2 Kinase

During the elongation phase of translation, the shift of
amino acyl tRNA from the aminoacyl (A) site to the pep-
tidyl (P) site on the ribosome is regulated by eEF2, which
is active when dephosphorylated on Thr56.15,16 Both
high glucose and high insulin caused rapid dephosphor-
ylation of eEF2 to �50% of its basal level at 5 minutes;
whereas the effect of high glucose was biphasic, that of
insulin was persistent for up to 60 minutes (Figure 1, A
and C). Equimolar mannitol did not affect eEF2 phosphor-
ylation (Figure 1B) or laminin-�1 content (data not shown)
suggesting that high glucose regulation was not attribut-
able to its osmotic effect. The temporal profile of eEF2
dephosphorylation induced by high glucose and high
insulin was consonant with that of increment in laminin-�1
synthesis reported recently.5

Phosphorylation of eEF2 on Thr56 is under the con-
trol of eEF2 kinase, a calcium-calmodulin-dependent
kinase III.17 Activity of eEF2 kinase is reduced by phos-
phorylation on Ser366, which is regulated by p70S6
kinase.18 Both high glucose and high insulin signifi-
cantly augmented Ser366 phosphorylation of eEF2 ki-
nase, which began at 5 minutes and peaked at 10
minutes (Figure 2, A and B). At 60 minutes, there was
discordance between reduction in eEF2 phosphoryla-
tion induced by high glucose and high insulin and
predicted changes in Ser366 phosphorylation of eEF2
kinase. These data suggest that another factor such as
a phosphatase may also be involved in regulation of
eEF2 phosphorylation.

Signaling Regulation of High Glucose- and High
Insulin-Induced Changes in Phosphorylation of
eEF2 and eEF2 Kinase

Immunoblotting with phospho-specific antibodies
showed that high glucose and high insulin augmented
Thr389 phosphorylation of p70S6 kinase corresponding
to changes in phosphorylation of eEF2 and eEF2 kinase
(Figure 3, A and B). MCT cells were transiently trans-
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fected with control empty plasmid or a plasmid carrying a
hemagglutinin (HA)-tagged kinase-dead construct of
p70S6 kinase with K100R mutation. High glucose and
high insulin stimulated laminin-�1 synthesis in cells ex-

pressing the control vector but not in those expressing
dominant-negative p70S6 kinase mutant (Figure 3, C and
D). Additionally, high glucose and high insulin promptly
reduced Thr56 phosphorylation of eEF2 (Figure 4, A and
B) and augmented Ser366 phosphorylation of eEF2 ki-
nase (Figure 4, C and D) in control cells transfected with
empty plasmid; these changes were abrogated by the
expression of kinase dead p70S6 kinase (Figure 4).
These data showed the requirement of p70S6 kinase for
changes in phosphorylation of eEF2 kinase and eEF2 and
laminin-�1 synthesis induced by high glucose or high
insulin.

We sought to identify upstream kinases that regulate
activation of p70S6 kinase beginning with mTOR. Rapa-
mycin, a specific inhibitor of mTOR, significantly inhibited
high glucose- and high insulin-induced increase in
Thr389 phosphorylation of p70S6 kinase (Figure 5, A and
B) and Ser366 phosphorylation of eEF2 kinase and re-
duction in Thr56 phosphorylation of eEF2 (Figure 5, C

Figure 1. High glucose and high insulin regulate eEF2 phosphorylation in
MCT cells. Serum-deprived MCT cells were incubated with high glucose (30
mmol/L) (A), 5 mmol/L glucose � 25 mmol/L mannitol (B), or high insulin
(1 nmol/L) (C) for the indicated period of time. Equal amounts of proteins
were used for immunoblotting with Thr56 phospho-specific eEF2 antibody.
Bottom panels show immunoblot analysis of the same samples with eEF2
antibody to assess loading. A representative blot from three to four indepen-
dent experiments is shown and composite data are shown in histograms
(‡P � 0.01, †P � 0.05 versus control by analysis of variance).

Figure 2. High glucose and high insulin promote Ser366 phosphorylation of
eEF2 kinase in MCT cells. Equal amounts of lysate proteins from cells
incubated with high glucose (A) or high insulin (B) were immunoblotted
with antibody against Ser366-phosphorylated eEF2 kinase. Bottom panels
show assessment of loading by immunoblot analysis of the same samples
with eEF2 kinase antibody. Composite data from three to four individual
experiments are shown in histograms (‡P � 0.01, †P � 0.05 versus control).

Figure 3. Activation of p70S6 kinase is required for high glucose- or high
insulin-induced laminin-�1 synthesis in MCT cells. Equal amounts of
lysate proteins from cells treated with high glucose (A) or high insulin (B)
were immunoblotted with an antibody against Thr389-phosphorylated
p70S6 kinase. Bottom panels show immunoblot analysis of the same
lysates with actin antibody to assess loading. Composite data from three
to four individual experiments are shown in histograms (‡P � 0.01, †P �
0.05 versus control by analysis of variance). C and D: Lysates from cells
incubated with high glucose or high insulin after transfection with empty
vector or plasmid carrying DN-p70S6 kinase construct were immunoblot-
ted with antibody against laminin-�1 (top) or actin (middle). Immuno-
blotting with anti-HA antibody was done to demonstrate the expression of
dominant-negative p70S6 kinase (bottom). A–D: Representative blots
from three to four experiments are shown. Composite data from three to
four individual experiments are shown in histograms (‡P � 0.01, †P �
0.05, *P � 0.001 by analysis of variance).
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and D). Lack of inhibition of baseline eEF2 Thr56 and
eEF2 kinase Ser366 phosphorylation by rapamycin, sug-
gests that a kinase other than mTOR may be involved in
these reactions. In addition, rapamycin abolished high
glucose- and high insulin-induced laminin-�1 synthesis
(Figure 5, E and F).

Because Akt is upstream of mTOR in receptor tyrosine
kinase signaling pathways,19 we tested its role in control
of eEF2. High glucose and high insulin promoted eEF2
dephosphorylation in MCT cells expressing the control
Ad-GFP but not in cells infected with Ad-DN Akt (Figure 6,
A and B). mTOR is under the control of PI3 kinase in MCT
cells incubated with high glucose and high insulin.5 How-
ever, in that study we had not explored if PI3 kinase-
mTOR axis-controlled phosphorylation of eEF2.
LY294002, a selective PI3 kinase inhibitor, inhibited eEF2
dephosphorylation in cells incubated with either high glu-
cose or high insulin (Figure 6, C and D) suggesting that
PI3 kinase was an upstream regulator of eEF2 phosphor-
ylation. Taken together, these data demonstrate that high
glucose- and high insulin-induced laminin-�1 synthesis in

MCT cells involves elongation phase of translation that is
under the control of PI3 kinase-Akt-mTOR-p70S6 kinase
axis.

Figure 4. Activation of p70S6 kinase is required for high glucose- or high
insulin-induced phosphorylation of eEF2 and eEF2 kinase. Equal amounts of
lysate protein from cells incubated with high glucose or high insulin trans-
fected with control plasmid or plasmid carrying DN-p70S6 kinase construct
were immunoblotted with antibody against Thr56-phosphorylated eEF2 (A
and B) or Ser366-phosphorylated eEF2 kinase (C and D). Loading was
assessed by immunoblotting with antibody against eEF2 (A and B) or eEF2
kinase (C and D). Immunoblotting with anti-HA antibody was done to
demonstrate the expression of dominant-negative p70S6 kinase (bottom).
A–D: Representative blots from three experiments are shown. Composite
data from three individual experiments are shown in histograms (‡P � 0.01,
†P � 0.05 by analysis of variance).

Figure 5. High glucose- or high insulin-induced changes in phosphorylation of
p70S6 kinase, eEF2 and eEF2 kinase, and laminin-�1 synthesis are mTOR-
dependent. Equal amounts of lysate protein from cells incubated with high
glucose or high insulin with or without preincubation with 22 nmol/L rapamycin
were immunoblotted with antibody against Thr389-phosphorylated p70S6 ki-
nase, Thr56-phosphorylated eEF2, Ser366-phosphorylated eEF2 kinase, or lami-
nin-�1. Bottom panels show immunoblotting done with antibody against actin,
eEF2 to assess loading. A–F: Representative blots from three experiments are
shown. Composite data from three individual experiments are shown in histo-
grams (‡P � 0.01, †P � 0.05, *P � 0.001 by analysis of variance).
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Rapamycin Treatment of Mice with Type 2
Diabetes

We proceeded to verify high glucose and high insulin
regulation of eEF2 and eEF2 kinase in renal cortex of
diabetic mice during hypertrophy and onset of laminin-�1
synthesis when protein synthesis and elongation phase
of translation would be predicted to be stimulated. We
used db/db mice with type 2 diabetes and administered
rapamycin in early stages when hyperglycemia and hy-
perinsulinemia are evident. Blood glucose level in the
untreated db/db mice was significantly elevated com-
pared to db/m controls (380 � 46 versus 134 � 9 mg/dl,
mean � SE, *P � 0.001). Rapamycin given from day 14
of hyperglycemia for 14 days did not significantly affect
the blood glucose concentration in either the control mice
(147 � 6 versus 134 � 9 mg/dl) or the diabetic mice
(418 � 25 versus 380 � 46 mg/dl).

Rapamycin Ameliorates Renal Hypertrophy in
db/db Mice

After 4 weeks of hyperglycemia, the kidney weight in
db/db mice was significantly increased by 16% (193 � 9
mg versus 166 � 5 mg) (P � 0.01 by analysis of vari-
ance) (Figure 7A). Rapamycin abolished the renal growth
induced by diabetes (148 � 5 versus 193 � 9 mg)
(Figure, 7A, P � 0.001); however, rapamycin did not
affect kidney weight in control mice (172 � 4 mg versus
166 � 5 mg).

Because glomeruli form a small part of the kidney and
changes in kidney weight may mask glomerular changes,
we directly assessed rapamycin’s effect on glomerular
hypertrophy. Glomerular area by morphometry was sig-
nificantly increased by 27% in the db/db mice compared
to control db/m mice (2908 � 63 �m2 versus 3679 � 108
�m2, P � 0.01 by analysis of variance), suggesting hy-
pertrophy induced by diabetes (Figure 7B). Rapamycin
did not affect glomerular area in db/db mice (3679 � 108
�m2 versus 3551 � 145 �m2) or in control mice (2908 �
63 �m2 versus 2894 � 182 �m2). These data suggest
that under conditions of our experiment, the effect of
rapamycin in reversing hypertrophy was not uniformly
seen in all segments of the nephron but was selective for
the tubular compartment.

Rapamycin Inhibits Laminin-�1 Accumulation in
db/db Mice

We studied regulation of the laminin-�1 chain because
it is a major component of mesangial and tubulointer-
stitial matrix20 and its content is increased in renal
parenchyma in db/db mice with type 2 diabetes.4 A
fourfold increment in laminin-�1 expression in glomer-
ular mesangium (P � 0.001) was seen that was almost
completely restored to control values in rapamycin-
administered db/db mice (P � 0.001, db/db versus
db/db � rapa) (Figure 8A). Immunostaining of lami-
nin-�1 was augmented in the tubular basement mem-
branes by nearly 12-fold in diabetic mice compared to
control mice (Figure 8B, P � 0.001); this was also
significantly ameliorated by administration of rapamy-
cin (P � 0.001). Immunostaining data were validated
by immunoblotting for laminin-�1 in renal cortical ly-
sates. Laminin-�1 chain content was significantly ele-
vated in the renal cortex of mice with type 2 diabetes
(P � 0.001), which was abolished by rapamycin (P �
0.001, db/db versus db/db � rapa) (Figure 8C). Rapa-
mycin did not affect laminin-�1 content in control mice.
Laminin-�1 chain mRNA content was unchanged in
renal cortex of db/db mice compared to control db/m
mice as measured by quantitative RT-PCR (Figure
8D). These data showed that increment in laminin-�1
chain protein was attributable to nontranscriptional
mechanisms, suggesting mRNA translation could be
involved.

Figure 6. Activation of PI-3 kinase and Akt is required for high glucose- and
high insulin-induced dephosphorylation of eEF2. A and B: MCT cells were
infected with Ad-GFP or Ad-DN-Akt (100 MOI) for 24 hours before the
addition of high glucose or high insulin. C and D: In separate experiments,
cells were preincubated with or without LY294002, a PI3 kinase inhibitor,
before incubation with or without high glucose or high insulin. Equal
amounts of lysate protein from cells were immunoblotted with antibody
against Thr56-phosphorylated eEF2. Middle panels in A and B, and bottom
panels in C and D show immunoblotting with eEF2 to assess loading.
Bottom panels (A and B) show immunoblotting with HA to demonstrate
successful infection of Ad-DN-Akt. Representative blots from three experi-
ments are shown. Composite data from three individual experiments are
shown in histograms (‡P � 0.01, †P � 0.05 by analysis of variance).
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Rapamycin Inhibits Elongation Phase of mRNA
Translation

Thr56 phosphorylation of eEF2 was significantly reduced
by nearly 35% and phosphorylation of Ser366 on eEF2
kinase was increased by twofold in the renal cortex of
db/db mice (P � 0.05 and P � 0.01, respectively, by
analysis of variance) (Figure 9, A and B); these changes
were prevented by rapamycin (P � 0.05, db/db versus
db/db � rapa). Thus, rapamycin normalized important
steps in regulation of elongation phase of mRNA transla-
tion in the renal cortex of mice with type 2 diabetes. PI3
kinase, Akt, and Erk, important kinases involved in regu-
lation of mRNA translation,2 are activated in the renal
cortex of db/db mice with type 2 diabetes21; however,
activation of mTOR has not been studied. Because
Thr389 on p70S6 kinase is phosphorylated by mTOR,22

increase in its phosphorylation is used as an index of
mTOR activation.19,23 Thr389 phosphorylation of p70S6
kinase was significantly increased by 50% in renal cortex
of db/db mice (P � 0.001) (Figure 9C) that was inhibited
by rapamycin (P � 0.01 db/db versus db/db � rapa).
Rapamycin-induced reduction of p70S6 kinase phos-
phorylation showed that its ameliorative effect on renal
hypertrophy and laminin-�1 chain accumulation in dia-
betic mice is attributable to mTOR inhibition.

Discussion

Our data show that elongation phase is activated in both
in vitro and in vivo models of diabetic kidney disease,
consistent with augmented protein synthesis required for
both hypertrophy and matrix accumulation. Reduced
amounts of Thr56-phosphorylated eEF2 in MCT cells in-
cubated with high glucose or high insulin and in the renal
cortex of diabetic mice suggest a reduction in activity of
eEF2 kinase. Phosphorylation of eEF2 kinase on Ser366
by p70S6 kinase inhibits its activity18; our data support
such a mechanism. In addition, dephosphorylation of
eEF2 may also occur because of activity of a phospha-
tase, eg, PP2A.24

Signaling pathways figure prominently in regulation of
eEF2 and eEF2 kinase activity. Observations with kinase
dead construct confirmed the requirement of activation of
p70S6 kinase in regulation of eEF2 kinase and eEF2.
p70S6 kinase is a direct substrate of mTOR.25,26 Rapa-
mycin, a specific inhibitor of mTOR, abolished respective
changes in phosphorylation of eEF2, eEF2 kinase, and
p70S6 kinase, demonstrating that mTOR was upstream
of p70S6 kinase. Furthermore, abolition of eEF2 dephos-
phorylation by inhibition of Akt and PI3 kinase showed
that the canonical PI3 kinase-Akt-mTOR-p70S6 kinase
pathway was in control of the elongation phase of trans-
lation in in vivo and in vitro models of type 2 diabetes
(Figure 10). Observations with PI3 kinase inhibitor are in
congruence with previously reported renal cortical PI3
kinase activation in early stages of type 2 diabetes.21

Regulation of mTOR by Akt appears to be indirect involv-
ing tuberous sclerosis protein-2 (TSC-2)-Rheb path-
way.27,28 Sensitivity of events in elongation phase to

Figure 7. Rapamycin inhibits renal hypertrophy in diabetic mice. A:
Groups of db/m control and db/db type 2 diabetic mice received either
vehicle or rapamycin for 14 days after the onset of hyperglycemia and
kidney weights were measured at sacrifice. Composite mean � SE data
from 12 mice in each group are shown in a histogram (‡P � 0.01, db/db
versus control (con), *P � 0.001, db/db versus db/db � rapa). B: Kidney
sections were fixed and glomerular area was measured. Representative
micrographs from six mice in each of the four groups are shown. Com-
posite mean � SE data from six mice in each group are shown in a
histogram (‡P � 0.01, db/db versus control, NS, not significant, db/db
versus db/db � rapa). Scale bar � 25 �m.
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rapamycin also suggests that TORC1 complex, made of
mTOR, GbetaL, and raptor,29 is involved in pathological
process related to hypertrophy and laminin-synthesis in
the diabetic kidney. In addition to elongation phase,
mTOR may control several steps in the initiation phase of
translation such as phosphorylation of eukaryotic initia-
tion factor 4E (eIF4E) binding protein (4E-BP1) and for-
mation of 43S ribosomal complex by interacting with
eIF3.23

This study shows that augmented mRNA translation is
an important mechanism contributing to renal hypertro-

phy and laminin-�1 matrix protein accumulation, in addi-
tion to transcription30 and retardation of degradation of
proteins.31 Our data suggest potential targets for inter-
vention exist in signaling pathways that regulate transla-
tion, eg, mTOR. Previous studies in rats with type 1 dia-
betes have identified AMP-activated protein kinase as
another target for reversing translation-mediated renal
hypertrophy.32 Renal hypertrophy occurs early in type 1
and type 2 diabetes.12 Matrix accumulation has been
thought to occur after several weeks to months of diabe-
tes. The current study shows that laminin-�1 accumula-

Figure 8. Rapamycin inhibits laminin-�1 accumulation in diabetic mice. A and B: Expression of laminin-�1 in glomeruli (A) and tubules (B) was assessed by
immunoperoxidase histochemistry in all of the four groups. Representative micrographs from six mice in each of the four groups are shown. Composite mean �
SE data from six mice in each group are shown in a histogram (*P � 0.001 db/db versus control, db/db versus db/db � rapa). C: Equal amounts of renal cortical
lysates were immunoblotted with an antibody against laminin-�1; loading was assessed by immunoblotting for actin as shown in the bottom panel. Each lane
represents data from a single animal. Composite values from six mice in each group are shown in a histogram (*P � 0.001, db/db versus control; *P � 0.001, db/db
versus db/db � rapa). D: Real-time RT-PCR was performed on renal cortical preparations to explore changes in laminin-�1 mRNA; GAPDH was used as a control.
Composite mean � SE data from six mice in each control (con) and diabetic (db/db) groups are shown in a histogram (NS, not significant, control versus db/db
by Student’s t-test). Scale bars � 50 �m.
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tion may be seen as early as 4 weeks of diabetes. The
early phase of laminin-�1 accumulation in diabetic kidney
involves a translational mechanism because its mRNA
level was unchanged at this time point. Data from the
present study and a previous report5 point to distinct
roles played by initiation and elongation phases of trans-
lation in high glucose- and high insulin-induced rapid
phase synthesis of laminin-�1. Inhibition of either phase
results in abrogation of high glucose and high insulin
stimulation of laminin synthesis suggesting a balanced
role for both phases of translation. mTOR constitutes a
common regulatory factor for both phases of translation.
It regulates phosphorylation of 4E-BP1 and p70S6 ki-
nase, which are critical for initiation phase of translation.2

mTOR-p70S6 kinase axis is also important for dephos-
phorylation of eEF2, which is required for elongation of
nascent polypeptide chain. We cannot exclude possible
contribution of decreased degradation to laminin-�1 ac-
cumulation at this early stage. In later stages of diabetes,
transcriptional mechanisms may be recruited to promote
increased synthesis of matrix proteins such as type IV
collagen and fibronectin.30 Thus, matrix accumulation in
the kidney in type 2 diabetes may be regulated by dis-
tinct translational, transcriptional, and degradational
mechanisms.

Rapamycin has been reported to partially ameliorate
kidney disease in rodents with type 1 diabetes, although
this report is the first one to describe effect of rapamycin
on the course of diabetic renal disease in mice with type
2 diabetes. Type 1 diabetes-induced renal hypertrophy
was partly inhibited by rapamycin in one study using
mice33 but not in the other study that used rats34; this

could be attributable to differences in dosage of rapamy-
cin and species of rodents examined. Similar to the study
in rats,34 we were also unable to show inhibition of glo-
merular hypertrophy by rapamycin. It is possible that
prolonged administration beyond 2 weeks or a larger
dose of rapamycin may ameliorate glomerular hypertro-
phy. Persistence of glomerular hypertrophy despite rapa-
mycin-induced inhibition of laminin accumulation in the
mesangium suggests that laminin does not contribute to
glomerular hypertrophy at least in early stages of diabe-
tes; its role in late stage glomerular hypertrophy in the
diabetic kidney needs to be examined. Rapamycin ad-
ministered to rats with established diabetic nephropathy
resulted in amelioration of albuminuria.34 In the present
study, because mice were studied at an early stage of
diabetes, consistent changes in albuminuria were not
found. Rapamycin was reported to inhibit Akt phosphor-
ylation and reduce the amount of mTOR that was in-
creased in the diabetic kidney34; however, the status of
direct targets of mTOR activation such as p70S6 kinase
and events in translation were not studied. In addition to
diabetes, studies with rapamycin have shown that mTOR
is required for compensatory hypertrophy,35 growth of
kidney cysts in polycystic kidney disease,36 and kidney
pathology associated with ureteral obstruction.37 In ad-
dition to its effect on translation, mTOR regulates other
cellular processes such as transcription29 that were not
investigated in the present study. These effects are also
likely to be involved in rapamycin-induced amelioration of
diabetic nephropathy. Previous reports and data from the
present study suggest that mTOR inhibition may be ex-
plored further in the treatment of diabetic renal disease.

Figure 10. A schematic of signaling pathways that control elongation phase
of mRNA translation in the kidney in type 2 diabetes.

Figure 9. Effect of rapamycin on elongation phase of mRNA translation in
db/db mice. Equal amounts of renal cortical lysates were immunoblotted with
antibody against Thr56-phosphorylated eEF2 (A) or Ser366-phosphorylated
eEF2 kinase (B) or Thr389-phosphorylated p70S6 kinase (C); loading was
assessed by immunoblotting for actin as shown in the bottom panels. Each
lane represents data from an individual animal. Composite mean � SE data
from four to six mice in each group are shown in histograms (†P � 0.05, ‡P �
0.01, *P � 0.001, control versus db/db; †P � 0.05, ‡P � 0.01, db/db versus
db/db � rapa).
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